Here we demonstrate that the phosphorylation of DivK is essential for both the function and the dynamic cell cycle-dependent localization of DivK. We also provide evidence that DivJ has two dissociable functions that serve to regulate the temporal and spatial targeting of DivK‫ف‬P to the distinct cell poles. The asymmetric location of DivJ, irrespective of its kinase activity, provides positional information that aids in recruiting a low level of DivK‫ف‬P to the stalked pole, while DivJ's kinase activity subsequently targets DivK‫ف‬P to the new swarmer pole of the predivisional cell by increasing the cellular concentration of DivK‫ف‬P. The activity of asymmetrically localized PleC is responsible for the next step in the cell cycle pattern of DivK localization: it mediates the release of DivK‫ف‬P specifically from the new swarmer pole by decreasing the DivK‫ف‬P concentration in the swarmer compartment of the late predivisional cell. Since DivJ and PleC regulate different morphogenetic and cell cycle events, their interconnected function through the polar localization of a shared response regulator, DivK, provides a mechanism for coordinating polar morphogenesis and cellular events with cell cycle progression. Furthermore, asymmetric spatial distribution of DivK is not limited to intrinsically polarized bacteria but is also employed by a rod-shaped bacterium with no polar identifier organelles. Taken together, our data suggest that asymmetric spatial distribution of signal transduction proteins may constitute a widespread regulatory mechanism to control cell cycle progression in prokaryotes.
Results

Phosphorylation of DivK Is Essential for Both Its Activity and Its Dynamic Cell Cycle-Dependent Localization
Because the analysis of the phosphorylation and localization of DivK in wild-type, ⌬divJ, and pleC::Tn5 cells phorylation experiments with wild-type CB15N and CB15N carrying a plasmid with either divK-gfp or divK D53A -gfp confirmed that the D53A alteration disthe molecular mechanisms whereby DivJ contributes to rupted the phosphorylation site of DivK. Unlike wild-type the polar localization of DivK, we generated a catalytiDivK and DivK-GFP, DivK D53A -GFP had no detectable cally inactive mutant of DivJ carrying an alanine substiphosphorylation ( Figure 1D ). Corresponding immutution in place of the conserved phosphorylatable histinoblot analysis with anti-DivK antibodies showed that dine residue His338 (DivJ H338A ). As expected, cells in full-length GFP fusions to DivK and DivK D53A were prowhich chromosomal divJ was replaced by divJ H338A fused duced at similar levels ( Figure 1E) . Furthermore, no degto the yfp gene (divJ H338A -yfp) exhibited all phenotypes radation products were observed in immunoblots with characteristic of a ⌬divJ mutant, such as long stalks and anti-GFP antibodies, indicating that no soluble GFP was a mild cell division defect, indicating that the conserved released from the GFP fusions (data not shown). We His338 residue of DivJ is essential for its activity. Neveralso examined the spatial distribution of DivK D53A -GFP in theless, DivJ H338A -YFP was able to localize at the stalked ⌬divJ and pleC::Tn5 mutants and found that the mutant pole ( Figure 2A ). This is consistent with a recent report protein remained homogeneously dispersed in the cytoindicating that the localization determinants of DivJ lie plasm, irrespective of the genetic background (data not within its sensor domain and not within its transmitter shown).
domain, where His338 is located (Sciochetti et al., 2002). These data strongly suggested that phosphorylation As shown in Figure 2B (strain CJ846), the presence of DivK has a critical role in polar localization of DivK.
of DivJ H338A was able to promote DivK-GFP localization Since it remained possible that the Asp53 residue itself, at the stalked pole of stalked and predivisional cells, rather than its phosphorylation, was involved in the but not at the new swarmer pole of predivisional cells. localization of DivK at the poles, we examined the subFor comparison, Figure 2B also shows the localization cellular distribution of two other plasmid-encoded DivKpattern of DivK-GFP in a strain expressing wild-type GFP mutants, DivK E9A -GFP and DivK D10A -GFP. These mudivJ where the polar localization of DivK-GFP is normal tants carry an alanine substitution in place of the active (strain CJ509) and in a ⌬divJ strain where DivK-GFP site residue Glu9 or Asp10, known to be essential in remains dispersed in the cytoplasm in all cell types the phosphorylation process of response regulators by (strain CJ513 Table 1 ); ated localization of wild-type DivK-GFP at the stalked Figure 2E ). Importantly, in the presence of catalytically inactive PleC H610A -YFP only, the level of DivK‫ف‬P was significantly elevated relative to that in the wild-type (data not shown), and the DivK-CFP fusion was unable to delocalize from the new swarmer pole at cell division, producing two daughter cells with identical polar localization of DivK-CFP ( Figure 2E) . Thus, the site of PleC phosphorylation, His610, is required for both the nega- time-lapse images of a period close to two cell cycle Expression of sm divK-gfp from a medium-copy plaslengths. mid (pJS14 sm divK-GFP) in S. meliloti cells resulted in a In C. crescentus, cell division is not only morphologiheterogeneous cell population in terms of cell morpholcally asymmetric, but also unequal, with the swarmer ogy ( Figure 4C ). Approximately 80% of cells had a wildcell being shorter than the stalked cell (Terrana and type morphology, divided normally, and had normal Newton, 1975). The calculated ratio between the cell unipolar localization of sm DivK-GFP. Conversely, the relength of the stalked daughter cell and that of its maining 20% of the cells exhibited a cell division defect swarmer sibling is 1.14 (Terrana and Newton, 1975). (Figure 4C, arrowhead) , which, in S. meliloti, is characInterestingly, the S. meliloti daughter cell with a nonpolar terized by a cell filamentation and branching phenotype distribution of sm DivK-GFP, which in that respect resem-(Latch and Margolin, 1997). Fluorescence microscopy bled the C. crescentus swarmer cell, appeared to be showed that the cell division phenotype correlated with shorter than its sibling with polar sm DivK-GFP (as shown high levels of mislocalized sm DivK-GFP throughout the Figure 5 , 280 min time point). To determine whether the cytoplasm, as evidenced by the fluorescent signal intennoted difference in cell size was significant, we measity ( Figure 4C ). The variations in wild-type sm divK-gfp sured the cell length of 140 daughter cells with a polar expression responsible for the cell population heterogesm DivK-GFP focus and that of their siblings without a neity (normal versus filamentous and branched) likely polar sm DivK-GFP focus and calculated their ratio as results from an unequal segregation of plasmid copy described in Experimental Procedures. The calculated number between cells. In any event, a high level of mislomean of 140 cell length ratios (daughter cells with a calized sm DivK-GFP correlated with a cell division defect, polar sm DivK-GFP focus versus siblings without a polar suggesting that, as for C. crescentus, an increased level sm DivK-GFP focus) was 1.12, with a 95% confidence of DivK functioning in an inappropriate cellular location interval from 1.10 to 1.14. A paired t test of the data set gave a two-tailed p value less than 0.0001, which, by leads to a loss in cell division control. conventional criteria, is considered to be extremely staDivJ has two separable functions that provide spatial and temporal cues for the localization of DivK‫ف‬P at the tistically significant. Thus, the S. meliloti daughter cell that inherits a polar localization of sm DivK-GFP is statistidistinct poles. First, the asymmetric location of DivJ contributes to the polar localization of DivK‫ف‬P at the cally longer than its sibling where the subcellular distribution of sm DivK-GFP is not polarized, indicating an unstalked pole. Second, the kinase activity of DivJ mediates the transition from unipolar to bipolar localization equal cell division. Therefore, as in C. crescentus, the sm DivK protein has a dynamic cell cycle-dependent loof DivK‫ف‬P by increasing the overall cellular level of DivK‫ف‬P. The first function was suggested by the followcalization in S. meliloti that ends in an asymmetric and unequal cell division, giving rise to two daughter cells ing results (Figures 2A-2C at the stalked pole, the level of phosphorylated DivKand the mechanisms whereby these proteins accumu-GFP is similarly reduced, yet DivK-GFP forms a fluoreslate at discrete locations in bacteria, we investigated cent focus at the stalked pole. (3) It is the residual the control mechanisms of DivK localization in C. cresamount of phosphorylated DivK-GFP that localizes at centus and the respective roles of DivJ and PleC in the the stalked pole in the divJ H338A mutant because a nontemporal and spatial regulation of this process. Using phosphorylatable DivK-GFP mutant remains homogenonphosphorylatable DivK mutants, we first demonneously distributed in the cytoplasm throughout the cell strated that phosphorylation of DivK is critical for both cycle, even when DivJ H338A is present. Taken together, cell viability and the polar localization of DivK in C. cresthese findings suggest that it is the mere presence of centus. This indicates that it is the phosphorylated, acDivJ at the stalked pole, irrespective of its kinase activtive form of DivK (DivK‫ف‬P) that preferentially binds at the cell poles.
ity, that recruits DivK‫ف‬P at that location. The fact that 
